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In WITCH this sector is considerably richer than that of macro-growth models. 
yPf(n,t)XUxir(n,t) + P;». i -Pccs(n,t)CCS(n,t) is rather fast (around fifty iterations) and the uniqueness of the solution has been tested using alternative starting conditions. The way in which the algorithm is constructed makes the solution invariant to different regions orderings. Energy services ES, an input of (1), combines energy with a variable, HE, Non-electric energy is obtained by linearly adding coal and traditional biomass on the one hand and an oil-gas-biofuels (OGB) aggregate on the other.
The Energy Sector
The use of coal in non-electric energy production (COALnel) is quite small and limited to a few world regions, and is thus assumed to decrease exogenously over time in the same fashion as traditional biomass (TradBiom Resources initially in place are region specific and so are extraction cost curves.
Thus, for each fuel/we have:
where c is the regional cost of resource /, depending on current extraction qJ as well as on cumulative extraction Qf and on a region-specific markup, %/n)', Qf is the amount of total resources at time t and njfn) measures the relative importance of the depletion effect.5 Assuming competitive markets, the regional price P^n,t)
is equal to the marginal cost: P/n,t) = x/n) + Tí/n) [Q/n,t-\)/Q/n,t)Pfn>)
Qín,t-1) = Q/n,0) + Z'->0XfeJn,s)
The second expression represents cumulative extraction and Xfextr is the amount of fuel/extracted in region n at time t. Fuels are traded among regions at an international market clearing price Pjn'(t). Each region can thus opt for autarky or to trade in the market, either as a net buyer or a net seller of fuels:
in the former case, the net import of fuels Xfnetimp take on positive values, and negative in the latter.6 3. To our knowledge, the endogenous determination of electricity prices is a novelty in optimal growth integrated assessment models. 4. Hansen, Epple and Roberds (1985) use a similar cost function that allows for non-linearity also in the rate of extraction.
5. See Section 3 for more details.
6. The results presented in this paper are obtained using a simplified version of the model where fuel trade is not endogenous, but simply keeps track of exogenously determined traded fuel into the budget constraint. This "accounting" mechanism is more computationally tractable and, at the same time allows us to keep track of welfare effects due to trade in resources. Finally, the climate module of WITCH delivers emissions from land use change that are added to emissions from combustion of fossil fuels to determine atmospheric concentrations as in Nordhaus and Boyer (2000) .
Endogenous Technical Change
In WITCH, technical change is endogenous and is driven both by
Learning-by-Doing (LbD) effects and by energy R&D investments. These two factors of technological improvements act through two different channels: LbD is specific to the power generation industry, while R&D affects the non-electric sector and the overall system energy efficiency. 
By incorporating
where PR is the progress ratio that defines the speed of learning and K. is the cumulative installed capacity in technology j, i.e. power generation capacity gross of depreciation. With every doubling of cumulative capacity the ratio of the new investment cost to its original value is constant and equal to PR, until a fixed floor level is reached. By having several electricity production technologies, the model is given the flexibility to change the power production mix and invest in the more appropriate technology for each given climate policy, thus creating the conditions to foster the LbD effects associated with the clean but yet too pricey electricity production techniques. 
The stock of knowledge HE(n,t) derives from energy R&D investments in each region through an innovation possibility frontier characterized by diminishing returns to research, a formulation proposed by Jones (1995) and empirically supported by Popp (2002) for energy-efficient innovations: HE(n,t+l) = aIR&D(n,t)b HE(n,t)< + HE(n,t) (I -SR&D), Bosetti, Massetti and Tavoni (2006) . To begin with, we choose the values for elasticities of substitution for the CES production functions shown in Figure 2 . We have followed the existing modelling literature for the aggregation of the capital-labour bundle with energy (Manne, Mendelsohn and van der Mensbrugghe, 1995; Whalley and Wigle, 1990) doubling of world installed capacity. As for the learning parameter for advanced biofuels, we have set it to 0.1 yielding a learning factor of 7%.
Population is exogenous and follows the Common POLES IMAGE (CPI) baseline ( van Vuuren, Eickhout, Lucas and den Elzen, 2005) . The climate module is adapted from Nordhaus and Boyer (2000) . Figures have been adjusted for the different time step length and initial base year. The inter-temporal discount rate is from Nordhaus and Boyer (2000) , set equal to 3% in the base year, and then declining at a constant 0.25% rate per year. Total factor productivity is assumed to exogenously grow over time to reflect technological progress and all the other structural changes that are difficult to represent in a simplified Ramsey-type growth framework, especially in the case of developing countries. The exponential trend is calibrated to fit the output projection underlying the Common POLES IMAGE (CPI) baseline ( van Vuuren, Eickhout, Lucas and den Elzen, 2005) .
Finally, the extraction cost functions for each fuelcoal, oil, natural gas and uraniumare calibrated based on resource availability surveys (IEA, 2004a; MIT, 2003; USGS, 2000) and expert judgment.
WITCH BASELINE SCENARIO
In this Section we present the results of the Baseline scenario, which is the non-cooperative solution without any external GHGs mitigation policy.
The algorithm returns the optimal values of the control variables over time and accounts for the free-riding behaviour of each region. The control variables are the investments in all energy technologies, in physical capital and in R&D, together with the direct uses of fossil fuels. All prices are expressed in 1995USD.
We start by describing the macroeconomic features of our Baseline scenario. Figure 3 shows the dynamics of GDP in two macro-region aggregates. World output is 34 trillions in 2002 and grows steadily to 240 trillions in 2100, a seven fold increase. This is similar to the IPCC-SRES B2 scenario. NON-OECD countries will overcome OECD in terms of output after mid-century and take the lead afterwards, pushed by the continued rise in population. Annual growth rates per region are shown in Figure 4 : developing countries experience higher growth rates, but all regions mildly converge by the end of the century. easily address and that will be the subject of future applications of the model.
Economic module
The budget constraint defines consumption as net output less investments: C(n,t) = Y(n,t) -Ic(n,t) -ZIR&DJ(n,t) -ZI. (n,t) -Z.O&Mf nJ) ïf(P/n,t)XfeJn,t) + Plfn'(t)Xfneúmp(n,t)) (A3) -Pccs (n,t)CCS (n,t) TFP(n,t) \a(n) ÍKcl^">(n,t) Lßn>(n,t))p + (l-a(n)) ES(n,t) ? Up Q (n,t) Kc(n,t+1) = Kc(n,t)( 1 -8C) + (Ic(n,t) -WR&DIR&D(n,t)).
Labour is assumed to be equal to population and evolves exogenously. Energy services are an aggregate of energy and a stock of knowledge combined with a CES function:
ES(n,t) = [aJtiE(nyt)pEs + aENEN(n,t) p£s]1/pss.
The stock of knowledge HE(n,t) derives from energy R&D investment: HE(n,t+\) = aIRÍ[D(n,t)bHE(n,t)c + HE(n,t)( 1 -8R&D).
Energy is a combination of electric and non-electric energy:
EN(n,t) = [aELEL(n,t)pen + aNELNEL(n,t) pen]1'pen.
Each factor is further decomposed into several sub-components. Figure  2 EL (n,t) -min{nnJ K.(n,t); T 0&M(n,t);Ç X (n,t)}. 
